Abstract:
The laser system for the Fermilab-NIU photoinjector [1] has been recently upgraded in order to improve reliability and to reduce amplitude fluctuations. Major modifications included the replacement of the oscillator by a diode-pumped passively mode locked Nd:YLF commercial laser [2] . The oscillator delivers 5 ps long pulses at 81.25 MHz at an average power of 450 mW. The number of round trips in the multi-pass amplifier was reduced by half and image relaying was introduced throughout the optical system. The frequency of the IR (λ = 1053 nm) pulse was quadrupled to UV (λ = 263.5 nm) by two BBO crystals. The overall efficiency for frequency quadrupling was of order20%. The shot to shot fluctuations in the UV are ~ 5%. The UV energy on the cathode is 5 µJ/pulse (10µJ/pulse without the pulse stacker), yielding charge of 10 nC/pulse.
The first version of the drive laser was installed in 1998 [6] and has been in operation since then, but was limited in certain aspects. Most seriously, the chirp of the seed pulse, generated by GVD in a 2 km long fiber, was unstable due to environmental fluctuations.
The compression ratio of the grating compressor consisting of a pair of gratings, in a fixed configuration, is dependent on the chirp of the input beam, and hence, the output pulse duration was unstable. Such pulse length instability turns into amplitude fluctuations when the frequency of the IR beam is doubled and quadrupled. Furthermore, it was difficult to maintain optimal coupling of the seed pulse into the multi-pass amplifier, requiring the use of a large number of round trips (as many as 13) to achieve the desired gain. As discussed later this contributes significantly to shot to shot fluctuations. The absence of image relay in the optical system degrades the wavefront, resulting in decreased efficiency during frequency conversion. It also made it difficult to control the profile of the UV on the cathode. In the newly upgraded system the above problems have been resolved.
In the following sections we discuss the individual components as well as the overall performance of the laser system. We begin by describing the characterization of the new seed laser. In the third section we present details on the amplification of the seed pulse in the multi-pass and 2-pass amplifiers. We also discuss the image relay optics, designed to preserve the beam waist and maintain the beam transverse profile. The IR beam waist is relayed to the doubling and quadrupling crystals so that the wavefront at the crystals is flat. The quality of the UV beam was improved by introducing a spatial filter inserted at the focal point of the UV telescope.
The final section is divided into several subsections that cover different aspects of the system's performance. We first discuss shot to shot fluctuations. By comparing the amplitude fluctuations after the multi-pass amplifier and in the UV, we conclude that the primary source of the fluctuations is the instability of the power supply driving the flash lamp of the multi-pass amplifier. The traverse and longitudinal profiles of the UV beam, which were measured using, respectively, a CCD camera and a streak camera are presented. We also describe the UV pulse stacker and the transport line to the photocathode. Four UV pulses were stacked with a fixed time delay to construct a long pulse with a flat top in order to suppress emittance growth in the electron beam caused by space charge effects. To transport the UV beam to the photocathode, an imaging system was built, which allows us to introduce controlled transverse patterns on the electron gun.
Finally, we show data from a long UV pulse train with 400 pulses. This pulse train can be extended to 800 pulses and can be made flat by preshaping the oscillator pulse train before injection into the multi-pass amplifier.
Seed laser
The new seed laser [2] provides pulses with a duration of 5 ps, and therefore there is no more need to add bandwidth and stretch the pulse.. As a result, both the long fiber and pulse compressor present in the original configuration were bypassed. , A timing box provided by the manufacturer controls the fluctuation of the seed laser phase relative to the master oscillator, and maintains the timing jitter to less than 0.2 ps.
The seed pulse was characterized in both the time and frequency domain and its output was monitored in real time to ensure that the best seed was injected to the amplifiers. The pulse width in the time domain was measured with a rotating-arm continuous-wave autocorrelator (CWAC) [7] [8] . A 50/50 beamsplitter sends light to a fixed delay arm and to a variable delay arm, the la tter consisting of a flat mirror and of a retro-reflector, mounted on a platform spinning at 13.5 Hz. The beams from the two arms center off axis in a focusing lens, and cross each other at the focus in a thin Lithium Iodate (LiIO 3 ) crystal. The crossing angle of the two beams allows phase matched noncollinear second harmonic generation. The resultant green signal is detected with a photomultiplier tube (PMT) and displayed on a digital oscilloscope. A typical autocorrelation profile measured with the CWAC is shown in Fig. 3a . Assuming a Gaussian waveform for the IR pulse, the FWHM of the autocorrelation yields for the IR pulse length 5.12 ps, in close agreement with the manufacturer's specifications [2] .
A commercial Optical Spectrum Analyzer (OSA) was used to monitor the spectrum of the seed laser [9] . This is a scanning grating monochromator, designed for a resolution of 0.08 nm. The seed laser was coupled into the OSA through a ~1 m long multi-mode fiber. The spectral waveform can be read over GPIB and recorded by computer. Figure   3b shows the spectrum of the seed laser with FWHM 0.52 nm as measured by the OSA.
It should be noted that the transverse profile of the seed laser was elongated in the horizontal dimension due to the fact that the Nd:YLF crystal, the gain medium of the seed laser, was cut at Brewster's angle to minimize the unwanted polarization in the output.
Since the multi-pass cavity was designed for a homogeneous transverse profile, it was necessary to compensate the horizontal distortion with an anamorphic prism.
Another important issue is the timing jitter between the seed pulse and the RF signal that drives the gun and the accelerating cavity. Obviously the seed laser must be locked to the RF system. To achieve this goal the timing box, mentioned in the previous section, controls the phase of the seed pulse to maintain synchronization with the 81.25 MHz reference signal; this reference is derived from the master oscillator, which controls the 1.3 GHz rf. The readout of the timing jitter is available in real time; it was less than 0.2 ps upon daily operation. 0.2 ps jitter corresponds to a phase fluctuation of 0.094 degrees between the laser pulse and the RF signal, which in practice is completely negligible.
The seed pulse must be integrated into the entire laser system, as shown in Fig. 2 .
The seed laser was physically placed beside the multi-pass amplifier. After traversing the Pulse Picker (PP) and Faraday Rotator (FR), the seed laser pulse was coupled into the multi-pass cavity by a 60 cm focal length lens. The pulses rejected by the PP are directed to the diagnostic table, on which both the CW autocorrelator (CWAC) and Optical Spectrum Analyzer (OSA) are located. The output from the multi-pass amplifier is further amplified by two 2-pass amplifiers. After that, the amplified pulse is sent to the next optical table for frequency doubling and quadrupling and pulse manipulation prior to reaching the photocathode.
Because the conversion efficiency of the crystals is overwhelmingly dependant on the quality of the wavefront, it is very important to maintain the flat beam waist of the IR beam and make sure that the beam waist is properly relayed to the crystals. In addition, the UV beam after the crystals needs to be reshaped and relayed to the photocathode, which is about 20 meters away from the laser room. In the design of the system, we set the reference point of of the optical beam line at the flat mirror in the multi-pass amplifier.
Amplification and conversion to UV

Multipass amplifier
The explicit structure of the multi-pass cavity is shown in Fig. 4a . It is a resonator, in which the seed pulse is captured by turning on the Q-switch Pockels cell [10] and makes a certain number of passes through the amplifying medium before it is kicked out by turning off the Q-switch Pockels cell. When the amplifier works in the saturation regime, it is called a "regenerative amplifier". However, because of our requirement of amplifying up to 800 pulses to nearly the same energy, it is necessary to operate in an unsaturated mode. In this way we avoid extracting too much of the stored energy with each pulse, which would, of course, reduce the gain for the remaining pulses. We use the term "multi-pass amplifier" to indicate operation in the unsaturated regime [11] .
The stable resonator cavity is formed by one flat (R 1 = ∞) and one curved (R 2 = 5 m) mirror spaced 1.44 m apart; the optical cavity length is 157.4 cm. For these parameters, the eigenmode of the cavity determines the size of the beam waist on the flat mirror, which is calculated to be ~ 0.88 mm.
In the first step of the alignment, the output from the seed laser must be coupled efficiently into the resonator cavity. Namely, the beam waist of the seed laser must be relayed onto the flat mirror in the multi-pass cavity with appropriate magnification to match the eigenmode diameter. From the product report provided by the manufacturer, the beam waist is located inside the exit window of the seed laser at a distance of 50 cm and the size of the beam waist there is about 0.25 mm. A 60 cm focal length lens placed about 10 cm away from the exit window of the seed laser is adequate for good coupling of the seed pulse into the amplifier cavity.
After propagating through the lens, PP, FR, half waveplate and being reflected by the,Brewster plate, the 5.5 nJ seed laser pulse (decreased to ~ 4 nJ) was injected into the multi-pass cavity (see Fig. 4a ) with vertical polarization. The pulse passes through the Qswitch Pockels cell [10] that is statically biased for quarter wave, acquires a quarter-wave retardation, is reflected from the flat end mirror, and passes again through the Q-switch acquiring a further quarter wave retardation to horizontal polarization. With this polarization the pulse goes through the Brewster plate and continues through the cavity, and after one round trip through the Nd:glass rod returns to the Q-switch. At this point, in time the Q-switch has been triggered on to zero-wave retardation so that the pulse is trapped inside the cavity. The voltage on the Q-switch is held high for the length of time necessary for the desired number of round trips. After that it is triggered back to the quarter-wave retardation so that the polarization of the pulse is flipped back to vertical and the pulse is kicked out by the Brewster plate. The Faraday isolator (with permanent magnets) is used to separate the output pulse, and direct it to the 2-pass amplifiers.
The seed pulse grows rapidly in the resonator by traveling back and forth through the laser rod during the time window set by the Q-switch Pockel's cell. Figure 5 shows the single pulse amplitudes measured with a fast photodiode versus number of round trips.
There are several conclusions that can be drawn from these data. First, the pulse amplitude exhibits a consistent exponential growth with an amplification factor of 3.1 for each single round trip. Second, the amplification of the pulse does not show any saturation up to 8 round trips. Third, the fact that the amplification of the pulse is evenly distributed on different round trips implies that the seed pulse was efficiently coupled into the multi-pass cavity and that the multi-pass cavity was well aligned. The overall energy of the single pulse after 6 round trips was measured at 6 µJ, which represents a total gain of ~1500 in the multi-pass amplifier, or a round trip gain of 3.3. Since, as discussed below, shot to shot fluctuations are dominated by the stability of the pumping light, a small number of round trips is desired. We therefore set the time window of the Q-switch in our daily operation for 6 round trips (total time ~ 52 ns).
Two-pass Amplifiers and UV beam
After exiting the multi-pass amplifier, the IR pulse is coupled by the telescope system into two 2-pass amplifiers, which consist of two balanced laser rods (see Fig. 4b ). The single pulse energy is multiplied by more than 25 times to ~ 150 µJ. The telescope is formed by two 1 m focal length lenses, with the flat end mirror in the multi-pass cavity at the focal plane of the first lens and the reflection mirror in the 2-pass amp lifiers at the focal plane of the second lens. The other focal planes of the two lenses coincide at the midpoint between the lenses. A spatial filter may be inserted at the midpoint if it is desired to smooth out the transverse profile of the pulse emerging from the 2-pass.
Similarly, another telescope formed by two 1 m lenses was located after the 2-pass amplifiers to relay the beam waist to the frequency conversion crystals. We achieved efficiency for frequency doubling in excess of 50% and for frequency quadrupling of up to 40%. The crystal conversion efficiencies measured under different input intensity are plotted in Fig. 6 . At the maximum input intensity, both crystals are in the deeply saturated region and this helps to reduce the fluctuations in the green and in the UV.
After being converted from IR (1054 nm) to UV (263 nm), the laser beam was directed to a diagnostic "target" by a telescope consisting of two UV lenses with focal lengths of 0.2 m and 1 m respectively. This telescope magnifies the beam by five times as indicated in Fig. 2b . A 50 µm spatial filter was inserted at the focal spot between the two lenses to improve the homogeneity of the transverse profile. This causes an energy loss of ~ 50%.
The image at the position of the " target" was relayed to the photocathode, which is located 20 m away from the laser room.
System performance
After the upgrade was completed, the performance of the entire laser system was checked, including shot to shot fluctuations, the transverse and longitudinal profile of the UV beam, the operation of the pulse stacker and of the transport line to the cathode.
Shot to shot fluctuations
An important aspect of the laser performance is its repeatability from shot to shot (on the 1 Hz scale) as this determines the charge fluctuations in the electron beam. The single seed pulse after the pulse picker was scrutinized with a fast photodiode. At 1 Hz repetition rate, the amplitude of more than 50,000 pulses was recorded and the ratio between the standard deviation and the mean was measured to be 1.3%; this is the irreducible noise level, which originates in the seed laser. The pulse fluctuations after the multi-pass amplifier were measured by averaging more than 100 shots and dividing the standard deviation by the mean. The results were recorded for a different number of round trips and are shown in Fig. 7 . The open circles are the measured data and the noise for the "zero" round trip was set at 1.3% as determined from the seed laser. To identify the source of the noise, we decouple the fluctuations originating in the seed laser from the fluctuations introduced by the multi-pass amplifier. Assuming that these fluctuations are independent and therefore add quadratically, we write After the multi-pass amplifier, the pulse was coupled to the 2-pass amplifiers and no significant increase of the fluctuations was observed. The reason is that the multi-pass amplifier and 2-pass amplifiers are independent of each other so their noise contributions add quadratically. Furthermore in each 2-pass amplifier (they use similar power supplies as the multi-pass amplifier), the pulse experiences only one round trip, which adds negligibly to the fluctuations of the final output.
The shot to shot fluctuations were monitored at all the stages along the beam path.
They were measured after the multi-pass amplifier, after the 2-pass amplifiers, after the frequency doubling crystal, and in the UV. This is shown in Fig. 8 , where the shot to shot fluctuations of the pulse amplitude after the multi-pass amplifier and after the UV crystal recorded for the entire month of July 2005 are plotted on the same graph. In all cases we used an integrating power meter to measure the power in the pulse train. The amplitude fluctuations of the UV output follow closely the fluctuations after the multipass amplifier. We conclude that the multi-pass amplifier is the dominant noise sour ce in the entire laser system. Reduction of the shot to shot fluctuations beyond the present level could possibly be achieved by replacing the multi-pass amplifier with a diode pumped system.
Transverse and longitudinal profiles
The transverse unifo rmity of the laser beam on the photocathode is crucial for generating a high quality electron beam with low emittance [12] . The image of the UV spot was measured in the laser room and could also be observed on a "virtual cathode" at the location of the RF gun. Furthermore by inserting a test pattern in the beam in the laser room we could ascertain that the image was faithfully relayed to the virtual cathode.
After the frequency quadrupling crystal, the beam is directed by the mirrors and UV telescope to the location of the diagnostic "target" as shown in Fig. 2b . The telescope consists of two UV lenses with focal lengths of 0.2 m and 1 m respectively. To remove high spatial frequency components from the beam a 50 µm diameter spatial filter was inserted at the focal spot between the two lenses. Figure 9 shows the UV image on the "target" taken with a CCD camera. The beam profile is close to a Gaussian and has FWHM 4.3 mm, which is well suited for most applications. In case a smaller beam size is desired, an iris can be inserted at the location of the "target".
The longitudinal profile of a single UV pulse was measured with a streak camera that has time resolution of ~ 2 ps. No pulse length fluctuations were observed and a typical longitudinal profile of a single UV pulse obtained by the streak camera is shown in Fig.   10 . The UV pulse length is determined to be 5.4 ps, practically identical to the IR seed pulse length. This can be understood by the fact that both the frequency doubling and frequency quadrupling crystals are operating in the deep saturation regions, and therefore no pulse narrowing should be expected from either conversion process.
Pulse stacker and transport to the cathode
Simulations show [13] that for an electron bunch with a flat top in the time domain, the space-charge induced emittance growth is reduced. Since a single UV pulse is Gaussian, we built a pulse stacker so that four UV pulses can be stacked together with the same amplitude and fixed time delay between them.
The schematic diagram of the pulse stacker [14] is shown in Fig. 11 . In the setup, the linearly polarized input of the pulse stacker is rotated 45° by a half-wave plate so that it contains both P and S components equally. Then the beam is split by the first (UV coated) cube polarizer, which passes the P component of the beam and reflects the S component.
The two components follow different optical paths. One path has fixed optical length while the other one has an adjustable optical delay. The two separated beams are recombined by the second cube polarizer into a single beam, which consists of two pulses with the desired delay and S and P polarizations respectively. After passing through another similar set of half-wave plate, two cube polarizers, and adjustable differential optical paths, the beam eventually has four pulses stacked.
In the output beam of the pulse stacker, the four pulses are polarized in the sequence of S, P, S and P. To relay the UV beam from the laser room onto the photocathode, which is located more than 20 m away, an imaging system was installed along the beam transport line.
The beam transport line is folded and there are only three turning corners, where the optics can be mounted in the boxes. Figure 13 shows the schematic of the transport line (as a 2-dimensional projection). A UV coated standard singlet spherical plano-covex lens with focal length of 5 m was inserted in front of the flat mirror in turning box 2. Finally, we can introduce masks in the laser room, so that the transverse pattern on the photocathode has any desired configuration. This feature is used to investigate the dependence of the emittance on non-uniform electron emission in the transverse plane, and to benchmark the simulation code of the electron beam line [15] .
Long pulse train
As mentioned before, the laser system is able to deliver up to 800 pulses. A long train consisting of 400 seed pulses after the pulse picker is shown in Fig. 14a . Because of the stable output of the seed laser, the train envelope is extremely flat. However, after amplification in the multi-pass and the two 2-pass amplifiers, the shape of the pulse train is distorted as shown in Fig. 14b .
This is due to variation of the overall gain, as the stored energy in the amplifying media is depleted. To achieve a flat envelope over the entire pulse train, it is possible to pre-shape the seed pulse train with a slow Pockels cell, so as to anticipate the subsequent gain variations [6] .
In addition to the envelope distortion, the train in Fig. 16b shows pulse to pulse fluctuations of order 10% and possibly with a period of T ~50 µs. These fluctuations may be due to thermal effects in the rods and are under investigation.
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